This study presents an experimental evaluation of three different methods for determining the tensile strength of steel fibre reinforced concrete (SFRC). The test methods include the splitting test (ST), double punch test (DPT) and direct tensile test (DTT). The compressive strength of the concrete used in this study ranged between 30 and 80 MPa with 0%, 1·5% and 3% steel fibre by volume of the concrete. In total, 81 concrete cylinders were cast and tested for 28-d compressive strength, splitting tensile strength and double punch tensile strength of the concrete. In addition, 27 concrete prism specimens were cast and tested to determine the direct tensile strength of the concrete. The test results show that, compared to the ST, the DPT is more effective in predicting the tensile strength of SFRC, as the tensile strengths obtained from the DPT and the direct tensile test are very close. The DPT is easier to perform and costs less than the ST and the DTT. 
Introduction

44
The use of Steel Fibre Reinforced Concrete (SFRC) in structural applications experienced 45 continuous growth due to its enhanced tensile strength, flexural strength and ductility. Several 46 studies were carried out in the literature to investigate the mechanical properties of SFRC.
Although generally neglected in the structural design, the tensile strength of concrete is an 48 important aspect in the design of concrete dams, airport pavement and tunnel lining. This is 49 particularly because the cracking behaviour of concrete is a function of its tensile strength (Zain 50 et al. 2002) .
51
Different test methods have been used to determine the tensile strength of plain concrete and 52 SFRC either directly or indirectly. The direct tensile test (DTT) can be performed to 53 characterize many properties of the SFRC, such as the tensile stress-strain behaviour, post-peak 54 response (softening or hardening), tensile modulus of elasticity and tensile strength. All these 55 properties are essential in the design of SFRC members. However, there is no standard test 56 procedure to determine the direct tensile strength of concrete. Also, there are difficulties 57 associated with the test methods for the direct tensile strength of concrete. The difficulties in testing the direct tensile strength of concrete include misalignment and concentration of 59 stresses at the gripping devices and the slippage between concrete and the gripping devices 60 (Wee et al., 2000; Van Mier and Van Vliet, 2002; Swaddiwudhipong et al., 2003; Choi et al., 61 2014).
62
The indirect tensile strength test of concrete cylinders (splitting test) is the most common test 63 method used in the structural design of concrete members due to the relatively small size of the 64 concrete sample and the availability of the testing machines. Many standards (e.g. ASTM several studies (e.g. Chen and Yuan, 1980; Marti, 1989; Molins et al., 2009; Carmona et al., 74 2013; Kim et al., 2015) for the tensile strength of plain concrete. According to these studies,
75
the DPT has the advantages of being easier to perform than the splitting test and yields more 76 accurate tensile strength of concrete. Marti (1989) specimens were also cast and tested to determine the direct tensile strength of the concrete. 
Materials
106
A total of nine concrete mixes were prepared with general purpose cement, silica fume, crushed 107 gravel (5-10 mm), coarse sand, fine sand, water, water reducing admixture and straight steel fibre. The water reducing admixture was Sika-Viscocrete (2016 150 mm height) for the DPT and three prism specimens (100 mm width × 100 mm height × 125 500 length) for the direct tensile test. All specimens were taken out of the moulds after 24 hours 126 and cured in water at a temperature of 23 ºC ± 3 ºC for 27 days. For the purposes of this study, each concrete mix has been identified with an acronym (Table   130 1). The symbols PC and S stand for plain concrete mix and steel fibre reinforced concrete Where is the splitting tensile strength in MPa, is the maximum applied load in kN, is 149 the length of the specimen in mm, and is the diameter of the specimen in mm.
151
Double Punch Test (DPT)
152
In this study, the test procedure in Chen (1970) was followed to perform the DPT. For effective 153 evaluation of the tensile strength of concrete specimens, the following test procedure was 154 adopted:
Concrete cylinder specimens with a diameter of 150 mm and a height of 150 mm were 156 tested vertically in a compression testing machine.
2.
Two cylindrical steel punches were used to transfer the axial compressive load from the 158 testing machine to the concrete specimen. The cylindrical steel punches were 37.5 mm 159 in diameter and 25 mm in height. 
4.
The steel punches were located at the centre of the specimen using a dimensional guide 164 to avoid any loading eccentricity. for 150 mm diameter specimens was investigated. It was found that the punch diameters of 170 37.5 mm and 50 mm provided more consistent results than the punch diameter of 25 mm.
171
Hence, the punch diameter of 37.5 mm was adopted in this study. 
176 where, is the double punch tensile strength in MPa, is the maximum applied load in 177 kN, is the diameter of the specimen in mm, ℎ is the height of specimen in mm, and is the 178 diameter of steel punch in mm.
Direct tensile test (DTT)
183
Several test setups were used in the literature for testing the direct tensile strength of concrete.
184
The test setup used in this study was proposed in Alhussainy et al. (2016) . The direct tensile 185 test was performed on concrete prism specimens with a cross-section of 100 mm × 100 mm 186 and a length of 500 mm. A wooden formwork was used as a mould for the specimens, as shown 187 in Figure 2 . To apply the direct tensile force on the concrete specimen, two steel gripping claws 188 were used at the ends of the specimen. These claws were made of a 20 mm diameter threaded The gripping claws were fixed to the wooden mould by a nut and a washer from the outside of 
206
Results and Discussion
208
Concrete compressive strength
209
The compressive strength test of concrete was conducted according to AS 1012 AS .9 (1999 clearly visible and the specimens remained nearly intact after the maximum load was reached.
228
This ductile failure mode is attributed to the effect of steel fibre. The applied stress was 
Double punch test (DPT)
244
The typical failure modes of the concrete specimens with 0%, 1.5% and 3% steel fibre by 245 volume of concrete tested under DPT are shown in Figure 6 . The typical failure mode of plain 246 concrete specimens (0% steel fibre) is presented in Figure 6a . As shown in Figure 6a , three 247 radial failure surfaces were observed at an angle of nearly 120º between each failure surface.
248
This failure mode was reported as a common failure mode according to previous studies (e.g.
249
Chen , 1970; Chen and Yuan, 1980; Marti, 1989; Molins et al., 2009; Carmona et al., 2013) . By The test results of the DPT are presented in Figure 7 . It can be seen that the average tensile 255 strength of S30-1.5 and S30-3 was increased by 23% and 61%, respectively, compared to 256 PC30. The average tensile strength of S50-1.5 and S50-3 was also higher than PC50 by 45% indicated that adequate alignment was provided to the specimens under the direct tensile test.
270
As shown in Table 2 , by increasing the compressive strength of the concrete and the percentage 271 of the steel fibre, the direct tensile strength is also increased. As can be seen in Figure 9 , the 272 minimum tensile strength of 2.06 MPa was obtained by PC30 and the maximum tensile strength 273 value of 6.32 was achieved by S80-3.
274
The typical axial tension-axial deformation response of all mixes is shown in Figure 10 . For 275 all specimens (plain concrete and SFRC), a linear axial tension-deformation behaviour up to 276 the maximum load was observed. As can be observed in Figure 10 , the axial tension dropped size of the specimen may not be highly significant in this study. The results presented in Figure   298 11 show that the ST overestimates the tensile strength of the plain concrete and SFRC. This 299 overestimation is increased as the concrete compressive strength and percentage of steel fibre 300 in the concrete increase. The splitting tensile strength of Mix PC30 was 32% higher than the 301 direct tensile strength, whereas the splitting tensile strength of Mix S80-3, which has the 302 highest compressive strength and highest percentage of steel fibre by volume of concrete, was 303 77% higher than the direct tensile strength (Table 2 ). This is because of the ductile behaviour strength by 10%, 20% and 25%, respectively (Table 2) . For SFRC mixes, the DPT tensile 309 strengths were within ±10% difference from the direct tensile strength, as shown in Table 2 . It 310 can be seen that the increase in the content of steel fibre in the concrete mixes leads to more 311 accurate tensile strengths of the DPT (Figure 11 ). Chen (1970) also stated that the accuracy of 312 the DPT increased with the increase of the number of radial cracks. This is because of the fact 313 that the greater the number of the radial cracks, the more even the stress distribution in the test 314 specimen. In the same way, introducing steel fibre to the concrete mixes can result in more 315 even stress distribution, as shown in Figure 6c . According to the test results presented above,
316
for the tensile strength of SFRC, the DPT is more representative than the ST when compared 317 with the DTT. The DPT also has the advantages of being easier to perform and costs less than 
Conclusions
321
The aim of this study was to experimentally evaluate three different methods for determining 
